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Gram-negative binding protein 3 (GNBP3), a pattern recog-
nition receptor that circulates in the hemolymph ofDrosophila,
is responsible for sensing fungal infection and triggering Toll
pathway activation. Here, we report that GNBP3 N-terminal
domain binds to fungi upon identifying long chains of �-1,3-
glucans in the fungal cell wall as a major ligand. Interestingly,
this domain fails to interact strongly with short oligosaccha-
rides. The crystal structure of GNBP3-Nter reveals an immuno-
globulin-like fold in which the glucan binding site is masked by
a loop that is highly conserved among glucan-binding proteins
identified in several insect orders. Structure-basedmutagenesis
experiments reveal an essential role for this occluding loop in
discriminating between short and long polysaccharides. The
displacement of the occluding loop is necessary for binding and
could explain the specificity of the interaction with long chain
structured polysaccharides. This represents a novel mechanism
for �-glucan recognition.

The activation of the immune response is energetically costly
and may be detrimental to the host, especially when inappro-
priately triggered. Therefore, the reliable detection of infec-
tions is a step of paramount importance in the immune
response. To achieve the task of detecting potentially hazard-
ous microorganisms, the innate immune system relies on sev-
eral strategies. One of them is to sense both pathogenic and
nonpathogenic microorganisms thanks to pattern recognition
receptors (PRRs)4 that recognize intrinsic microbial molecular

“signatures” (1). These immune receptors have been selected
during evolution for their ability to bind to essential, conserved,
structural components of the microorganisms such as flagel-
lins, peptidoglycans of bacteria, lipopolysaccharides of Gram-
negative bacteria, lipoteichoic acids of Gram-positive bacteria,
and �-glucans of the fungal cell wall (2, 3). Examples of mam-
malian PRRs includeToll-like receptors (4), intracellular recep-
tors of the NOD family (5), peptidoglycan recognition proteins
(PGRPs) (6), and the membrane-bound Dectin-1 receptor,
which detects fungal �-glucans (7).
One important arm of the innate immunity inDrosophila is a

potent systemic response that relies on the synthesis in the fat
body (a functional equivalent of themammalian liver) of potent
antimicrobial peptides (AMPs) that are secreted in the hemo-
lymph where they attack invading microorganisms. Genetic
analysis has delineated two major regulatory pathways of
NF-�B type that control the expression of AMP genes (8). The
immune deficiency (imd) pathway is mostly required in the
host defense againstGram-negative bacteria (9) and is triggered
by PRRs of the PGRP family, namely PGRP-LC (10) and
PGRP-LE (11). The Toll pathway is essential for fighting fungal
and some Gram-positive bacterial infections (12, 13). Toll, the
funding member of the Toll-like receptor family, is not itself a
PRR. Rather, it is activated by a ligand of the nerve growth factor
family, the Spätzle cytokine. To bind to the Toll receptor, Pro-
Spätzle needs to be proteolytically processed by a protease, the
Spätzle-processing enzyme (SPE) (14), which is itself activated
by upstreamproteolytic cascades.One such cascade is activated
in response to aGram-positive bacterial challenge by a complex
of PGRP-SA, PGRP-SD, and Gram-negative binding protein 1
(GNBP1) (13, 15, 16). Flies deficient for either PGRP-SA or
GNBP1 are deficient in Toll pathway activation and are suscep-
tible to infections by severalGram-positive bacterial species but
not to fungal infections. In contrast, flies mutant for GNBP3,
another gene encoding a GNBP family member, fail to activate
the Toll pathway in response to killed fungi and succumb rap-
idly to fungal but not bacterial infections (17). GNBP3 is
thought to activate a proteolytic cascade, which partially over-
laps that triggered by the GNBP1�PGRP-SA complex (18). Even
though they belong to the same family and activate the same

* This work was supported, in whole or in part, by National Institutes of Health
Grant PO1 AI44220. This work was also supported by an Action Thématique et
Incitative sur Programme of the CNRS (2005–2008, to A. R.), by a grant from the
Agence Nationale de la Recherche (ANR-MIME, to A. R. and C. H.), by the CNRS,
and by a grant from the Ministère de l’Enseignement et de la Recherche (Pro-
gramme de Recherche en Microbiologie).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1–3.

The atomic coordinates and structure factors (code 3IE4) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

1 These authors contributed equally to this work.
2 Recipient of a postdoctoral fellowship from the CNRS.
3 To whom correspondence should be addressed: CBM-CNRS, rue Charles
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pathway, GNBP1 and GNBP3 are required for sensing distinct
classes of microorganisms.
The foundingmember of the GNBP family, a 50-kDa protein

found in hemolymph of Bombyx mori and originally named
p50, was characterized as a gram-negative (Escherichia coli)
binding protein (19); hence, its name. However, it has become
clear that GNBPs belong to the family of �-glucan recognition
proteins (�GRP) that had first been purified on their ability to
trigger the prophenol oxidase cascade (a wound response that
leads to melanization at the injury site) in response to fungal
infections (20). Members of the GNBP/�GRP family are extra-
cellular proteins composed of a small N-terminal domain of
about 100 residues and a longer C-terminal domain of about
350 residues (21, 22). In the insect Plodia interpunctella, both
domains of �GRP bind to laminarin, a soluble �-1,3-glucan
with a high affinity (KA in the 108 M�1 range) (23) which is in the
same range as that of the Factor G of the Japanese horseshoe
crab (24). The latter factor is used as a diagnostic reagent for
the detection of glucans. The C-terminal domain displays
sequence similarity to bacterial glucanases, yet the catalytic res-
idues have not been conserved, suggesting that this domain
has been selected during evolution for its ability to bind to glu-
cans (21, 22). The N-terminal domain defines a novel �-1,3-
glucan binding domain that binds to curdlan, an insoluble lin-
ear �-1,3-glucan polymer, a property that the C-terminal
glucanase-like domain lacks (21). Full-length recombinant
GNBP/�GRPs have been reported to bind to bacteria, lipopo-
lysaccharides, or lipoteichoic acids (19, 22, 23, 25). Although
the domain(s) that mediates these interactions has not been
thoroughly mapped, it appears that the N-terminal P. inter-
punctella �-1,3-glucan domain is not required for binding to
these bacterial compounds (23).
Numerous three-dimensional structures of PGRPs, in some

cases complexed with their ligands, have been reported (26–
29). In contrast, this knowledge is currently lacking as regarding
GNBPs. As a first step toward elucidating the structure/func-
tion relationships of GNBPs, we report here that a recombinant
polypeptide encoding the N-terminal domain of GNBP3 binds
to fungi and to long �-1,3-glucan chains but not to short lami-
narioligosaccharides. The determination of the crystal struc-
ture of GNBP3 N-terminal domain reveals an immunoglobulin
fold inwhich the�-glucan binding site ismasked by a lid, which
is likely to be displaced by long polysaccharide chains.

EXPERIMENTAL PROCEDURES

Strains—The following strains were used in this study: the
Gram-positive bacteria Micrococcus luteus (CIP A270), the
Gram-negative bacteria E. coli (1106), the Ascomycetes Can-
dida albicans (Caf2.1), Candida glabrata (BG2), Saccharomy-
ces cerevisiae (BY4741, EUROSCARF, kindly provided by Unité
de Génétique Moléculaire des Levures, Institut Pasteur, Paris,
France), Aspergillus fumigatus (CBS144-89, a clinical isolate),
and the Basidiomycetes Cryptococcus neoformans (H99).
Materials—Curdlan (insoluble �-1,3-glucan, a kind gift from

Dr. Hidemitsu Kobayashi), laminarin (rarely branched �-1,3-
glucan; Sigma), Pustulan (linear �-1,6-glucan; Calbiochem),
and Schizophyllan (a highly �-1,6-branched �-1,3-glucan from
Kaken, Japan, kindly provided by Dr Kazutoshi Shibuya) were

the polymers used, whereas colloidal chitin was prepared using
chitin (Sigma) as described byGómez Ramírez et al. (30). S. cer-
evisiae and A. fumigatus cell wall fractions were produced fol-
lowing the protocol of Fontaine et al. (31) using actively grow-
ing yeast cells and germinating mold conidia in a medium
containing 2% glucose and 1% peptone at 37 °C for 15 h. Briefly,
cell walls obtained after disruption of the fungal cells was boiled
with Tris (50 mM), EDTA (50 mM), SDS (2%), �-mercaptoeth-
anol (40 mM) reagent (pH 7.5) for 15 min, twice, to release
cell-wall bound proteins and subsequently treated with 1 M

NaOH, 0.5MNaBH4 (70 °C, 1 h, twice). The supernatant (alkali-
soluble (AS) fraction) obtained after centrifugation was neu-
tralized and dialyzed against water, whereas the sediment (alka-
li-insoluble (AI) fraction) was washed till neutrality. Both the
fractions were freeze-dried and stored at �20 °C. Laminarioli-
gosaccharides with a degree of polymerization of 2–40 (mix-
ture or in their pure form) were prepared according to the
method described by Martín-Cuadrado et al. (32). Alterna-
tively, laminaritetraose was obtained from Seikagaku. Prepara-
tion of curdlan beads was achieved following the protocol
described by Ochiai and Ashida (33). All these materials were
used for in vitro binding and pulldown assays or for direct and
competition ELISA assays.
Expression, Purification, Crystallization, and Mutagenesis—

Starting from the sequence alignment of full-length GNBP3
from the 12 known Drosophila genomes (supplemental Fig. 1),
the N-terminal domain (that we called GNBP3-Nter) was
defined from residues 1 to 128, including the signal peptide
(residues 1–25). The protein was successfully expressed inDro-
sophila S2 cells. Details of expression, purification, and crystal-
lization are described elsewhere (51). W77A and short-loop
mutants of GNBP3-Nter were prepared using the QuikChange
II site-directedmutagenesis kit (Stratagene). Themutation was
confirmed by DNA sequencing (MWG).
Pulldown and Competition Assays—Overnight cultures of

yeasts were collected by centrifugation, washed 3 times with
PBS, and resuspended in PBS to an A600 � 1. Yeasts were either
fixed with 4% paraformaldehyde overnight at 4 °C and then
post-quenched with 0.2 M glycine or treated with 1.5 M NaOH
solution twice for 30 min at 70 °C and washed with PBS until
neutrality. p-Formaldehyde, sodium hydroxide-treated micro-
organisms, and curdlan beads were used for in vitro binding
assays of GNBP3-Nter. 1ml of killedmicrobes with anA600 of 1
or 50�g of curdlan beadswas added to 5�g of purifiedGNBP3-
Nter and incubated in 200�l of binding buffer (10mMTris-HCl
(pH 7.5), 500 mM NaCl) at room temperature with mild agita-
tion for 1 h. The solution containing both recombinant protein
and yeasts or curdlan particles was centrifuged (14,000� g for 5
min), and the pellet was washed 3 times with 0.5 ml of washing
buffer (10 mM Tris (pH 7.5), 500 mM NaCl, 0.02% Tween 20).

For competition assays (Western blotting coupled with
immunodetection), S. cerevisiaeAI fraction (100�g) or curdlan
was mixed with 0.5 �g of purified GNBP3-Nter-His tagged
alone or pretreated with soluble laminaritetraose/laminarin
(400 �g) in a total volume of 50 �l (in 10 mM Hepes (pH 7.5)
containing 30 mMNaCl) at 37 °C for 1 h with mild intermittent
agitation.
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In both types of pulldown assays or competition assays, the
unbound protein was recovered from the reaction mixture by
centrifugation at 3000 � g for 5 min and analyzed by SDS-
PAGE (15% gel) either directly or after acetone precipitation
(90 �l of the sample). GNBP3-Nter bound to curdlan/Sc-AI-
fraction was recovered after washing (6�) the centrifugation
pellet with 100 �l of 10 mM Hepes containing 150 mM NaCl
followed by boiling for 10min in SDS sample buffer (15�l). The
protein thus released into the supernatant after subsequent
centrifugation was analyzed by SDS-PAGE and Western blot
using amouse peroxidase-conjugatedmAb-His (Sigma) follow-
ing the manufacturer’s instructions (Penta-His HRP Conjugate
kit, Qiagen) or a rabbit polyclonal anti-GNBP3-Nter antibody
as primary antibody.
Antibody Production—The purified recombinant GNBP3-

Nter protein fromS2 cells expressionwas used to produce poly-
clonal rabbit antisera. The anti-GNBP3-Nter antisera were
screened for specific staining of GNBP3-Nter and Drosophila
endogenousGNBP3byWestern blot analysis. The specificity of
the antibody was assessed by comparing extracts of wild type
flies to those of a null GNBP3 mutant strain (data not shown).
Immunolocalization—RecombinantHis-V5-taggedGNBP3-

Nter protein was incubated with paraformaldehyde-treated or
NaOH-treated yeast for 1 h at room temperature in binding
buffer. After coincubation, the mixture was centrifuged, and
the supernatant was aspirated. The pellet was allowed to dry for
2min. Cells were washed 3 times in washing buffer and blocked
with 2% BSA in PBS for 1 h. GNBP3-Nter proteins were
detected with a primary mouse anti-V5 antibody (Invitrogen).
Primary antibodies were visualized with Cy3-conjugated goat
anti-mouse (Zymed Laboratories Inc.). DNA was visualized
with 4�,6-diamidino-2-phenylindole. Slides were mounted in
Vectashield medium (Vector Laboratories) and were examined
by confocal microscopy (Zeiss LSM510). Slides were kept at
4 °C, and the images were processed using Adobe PhotoShop
CS (Adobe Systems) and analyzed using ImageJ plugin RVB
profiler.
Direct and Competition ELISA Assays—Fungal cell wall frac-

tions/commercial polymers (200 �g/ml) dispersed by ultra-
sonication in 50 mM Na2CO3 (pH 9.6) were added (100 �l) to
microtiter wells on ELISA plates and incubated overnight at
room temperature. Unbound material was removed, and the
wells were blocked with 1% BSA and 2% Tween 20 (in PBS) for
1 h at room temperature. His-tagged GNBP3-Nter (0.5 �g/100
�l of binding buffer containing 1% BSA in PBS) was added to
each well and incubated at 37 °C for 1 h followed by 3 washes
with PBS containing 0.5% Tween 20. Peroxidase-conjugated
mAb-His (Sigma) (1:10,000 dilution in PBS containing 1%BSA)
was added, and the mixture was incubated for 1 h at 37 °C.
Finally, the reactionwas developed in the presence of 0.1mg/ml
O-phenylenediamine (Sigma) and 0.1% H2O2.

For the competition assays, microtiter wells on ELISA plates
were coatedwith the AI fraction (100�g/ml, 100�l)A. fumiga-
tus or curdlan as described above. At the same time 0.5 �g of
GNBP3-Nter-His tagged was incubated with different concen-
trations of individual laminarioligosaccharides of DP 2–16 or a
laminarioligo mixture of DP 12–20 and 20–40 or laminarin in
10mMHepes buffer (pH 7.0) in a total volume of 50�l for 1 h at

room temperature, after which 50�l of PBS containing 2% BSA
was added to all the tubes. Then these mixtures were added to
each well, and ELISA readings were performed as described
above. Statistical analyses were done on GRAPHPAD PRISM
using the Student-Newman-Keuls test.
Isothermal Titration Microcalorimetry (ITC)—ITC experi-

ments were performed using an iTC200 Isothermal Titration
Calorimetry system (MicroCal; Northampton, MA) at a tem-
perature of 30 °C. A typical titration profile is shown in Fig. 3.
Protein and sugar samples were prepared in 20 mM Hepes and
150 mM NaCl (pH 7.5). Protein solution was taken in a syringe
and loaded into the ITC sample cell (cell volume 200 �l). After
the base line stabilized, 20 injections of 2 �l of the sugar ligand
solutionwere added from the computer-controlled syringe into
the protein solution, and exothermic heat changes accompany-
ing the additions were recorded. The time period between the
two consecutive injections was fixed at 340 s to allow the exo-
thermic peak to return to the base line. The heat of mixing was
measured by making identical injections into the cell contain-
ing buffer with no protein. The experimental data were fitted
using software ORIGIN 7 supplied by Microcal, with �H
(enthalpy change in kcal mol�1), KA (association constant in
M�1), and n (number of binding sites/monomer) as adjustable
parameters. Other thermodynamic parameters were calculated
using the standard equation, �G � �H � T�S � �RT log KA,
where�G,�H, and�S are the changes in free energy, enthalpy,
and entropy of binding, respectively. T is the absolute temper-
ature in Kelvin, and R � 1.98 cal mol�1K�1.
Structure Determination—The structure of GNBP3-Nter

was determined by the single wavelength anomalous dispersion
method using a samarium derivative. Diffraction data for the
samariumderivativewere collected at 100K on a 300-mmMar-
research imaging plate mounted on a Rigaku RU200 rotating
anode. They were indexed, integrated, and scaled using the
XDS package (34). The space group was C2 with twomolecules
per asymmetric unit. Samarium sites were identified, refined,
and used for phase calculation with the PHENIX suite (35). An
initial model was then auto-built with PHENIX inwhich 69% of
the total amount of residues was built. At this stage, the R value
was 34%, and the Rfree value was 38%. This model was then
refined against a high resolution diffraction data set (1.45 Å)
collected on beamline ID23-1 at the European Synchrotron
Radiation Facility (Grenoble, France). Refinement was per-
formed using REFMAC5 (36), and manual rebuilding was car-
ried out with the programs Coot (37) and Turbo-Frodo (38).
Themodels of GNBP3-Nter lack interpretable electron density
for the last residues 102–107. The final crystallographic model
was refined to R and Rfree values of 16.5 and 19.8%, respectively.
Statistics for all the data collections and refinement are sum-
marized in Table 1. Figs. 4 and 5 were generated with PyMOL.

RESULTS

The boundaries of GNBP3-Nter were delineated using an
alignment of GNBP3 sequences from the genomes of 12 Dro-
sophila species, as depicted in supplemental Fig. 1. The recom-
binant protein was overexpressed at a high level (�15 mg/liter
of culture) inDrosophila S2 cells with the C-terminal extension
V5-His6,whichwas used for detection andpurification. The tag
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was proteolytically removed to allow crystallization of the
recombinant protein (51).
GNBP3-Nter Binds to the Fungal Cell Wall—To determine

whether the recombinant N-terminal domain of GNBP3 is able
to bind to fungi, we first analyzed by pulldown experiments its
binding to C. albicans, C. glabrata, and C. neoformans yeasts.
We detected a mild binding to p-formaldehyde-fixed Candida
yeasts and a strong binding to NaOH-treated Candida yeasts
using either a tagged or a cleaved tag form of the recombinant
protein (Figs. 1,A–C). The NaOH treatment strips the cell wall
of its proteins and alkali-soluble polysaccharides, thus making
the �-1,3-glucansmore accessible.We did not, however, detect
any binding toC. neoformans or bacteria, which have no �-glu-
can on their surface. We confirmed by immunohistochemistry
the binding of the recombinant protein to C. albicans (Fig. 1D)
and C. glabrata (data not shown). We found that the recombi-
nant protein binds to discrete patches of the yeasts. Staining
appeared strong in newly formed buds and bud scars. In con-
trast, GNBP3-Nter bound to the entire surface of NaOH-
treated Candida yeasts (Fig. 1E).
GNBP3-Nter Binds Specifically to �-1,3-Glucans—From the

preceding experiments, we deduced that GNBP3-Nter binds to
the fungal cell wall. However, as the latter is mainly a complex
network of different polysaccharides, we performed binding
assays on ELISA plates coated with different cell wall fractions
or with commercially available polysaccharides. As depicted in
Fig. 2A, GNBP3-Nter efficiently bound to the cell wall alkali-

insoluble (AI) fraction from S. cerevisiae and A. fumigatus but
not to the alkali-soluble (AS) fractions of A. fumigatus, which
lacks �-1,3-glucans and contains mainly �-1,3-glucan and
galactomannan. The structure common to the AI fraction of
S. cerevisiae andA. fumigatus is a �-1,6-branched �-1,3-glucan
covalently bound to chitin, suggesting that the polysaccharide
recognized by GNBP3-Nter was either a �-1,3-glucan or chitin.
However, we did not observe any binding with chitin, a linear
polymer of N-acetylglucosamine. The binding efficacy to
schizophyllan, a �-1,3-glucan with single �-(1,6)-bonded glu-
cose at every third glucosemolecule on themain chain, was less
than 10% compared with the S. cerevisiae AI fraction. Also,
there was no binding to pustulan, a linear �-1,6-glucan poly-
mer. The highest ELISA values were obtained for curdlan, an
insoluble linear �-1,3-glucan. Taken together, the binding
assays indicate that GNBP3-Nter shows specific affinity toward
�-1,3-glucan.
GNBP3-Nter Binding to �-Glucans Increases with Polysac-

charide Chain Length—Competition assays for binding to
GNBP3-Nter were performed between the cell wall AI fraction
fromA. fumigatus and soluble�-1,3-glucan oligosaccharides of
different sizes (individually or in a mixture). After preincuba-
tion of GNBP3-Nter with laminarioligosaccharides of varying
length (degree of polymerization (DP) of 2–16), there was weak
or no reduction in the binding of GNBP3-Nter to the wells on
the ELISA plates coated with the AI-fraction even when
GNBP3-Nter was preincubated with laminarioligosaccharides

TABLE 1
Data collection and refinement statistics

GNBP3-Nter_Sm GNBP3-Nter native

Data collection statistics
Radiation source In-house ESRF ID23-1
Wavelength (Å) 1.5418 1.0332
Space group C2 C2
Cell dimensions
a, b, c (Å) 135.32, 30.80, 51.72 135.53, 30.68, 51.65
� (°) 107.25 107.57

Resolution range (Å) 46.52-2.20 (2.32-2.20) 46.52-1.45 (1.52-1.45)
Total observations 132,581 129,875
Unique reflections 10,736 36,216
Completeness (%) 99.8 (99.0) 98.8 (95.6)
Redundancy 12.3 (11.9) 3.6 (3.5)
Rmerge

a 3.3 (8.6) 6.7 (29.6)
Average I/�(I) 53.8 (30.1) 12.2 (4.1)

Refinement and model statistics
Resolution range (Å) 29.85-1.45
Proteins per asymmetric unit 2
Number of reflections used 34,308
Rwork (%)b/Rfree (%)c 16.5/19.8
Average B values
All atoms (Å2) 14.94
Protein atoms (Å2) 13.28
Ethylene glycol atoms (Å2) 35.87
Zinc atoms (Å2) 4.29
Water atoms (Å2) 28.40

Root mean square deviation from ideality
Bond lengths (Å) 0.012
Bond angles (°) 1.433
Torsion angles (°) 6.756

Ramachandran analysis, favored regions/allowed regions/outliers (% of residues) 99/1/0
No. of atoms
Protein 1,612
Ethylene glycol 8
Zinc 6
Water 192

aRmerge � �h�i�Ih,i � �I	h�/�h�iIh,i, where �I	h is the mean intensity of the symmetry-equivalent reflections.
b Rwork � �h�Fo� � �Fc�/�h�Fo�, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively, for reflection h.
c Rfree is the R value for a subset of 5% of the reflection data, which were not included in the crystallographic refinement.
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at a 1/800 mass ratio (Fig. 2B). In contrast, water-soluble lami-
narioligosaccharide mixtures of higher DP (12–20, with maxi-
mum concentration of DP 14–18) and laminarin (a mixture of
oligosaccharides of DP between 20 and 28with 25-DP oligomer
in themaximumconcentration andhaving one branching point
per oligosaccharide chain) competed efficiently with the AI
fraction for the binding site(s) on GNBP3-Nter (Fig. 2B). How-
ever, the best inhibition was observed with a mixture of oligo-
saccharides of DP between 20 and 40 that was water-insoluble
(Fig. 2B). These ELISA inhibition data were further confirmed
by competition between laminaritetraose or laminarin and the
AI fraction from S. cerevisiae for GNBP3-Nter binding using
pulldown assays coupled with blotting immunodetection anal-
yses (Fig. 2C). �-1,3-Linked tetraoses did not compete with the
Sc-AI fraction forGNBP3-Nter binding, even at a protein/sugar
molar ratio of 1/500, whereas laminarin reduced significantly

the binding of GNBP3-Nter to
Sc-AI fraction when used at a pro-
tein/sugar ratio of 1/10 (Fig. 2C).
Thus, an increase in the binding
affinity correlated with increasing
oligosaccharide chain length and
with concomitant decreasing aque-
ous solubility, whereas short linear
or branched �-1,3-linked oligosac-
charides were not efficient ligands
for GNBP3-Nter. ITC was per-
formed to quantify the interaction
of GNBP3-Nter with laminarin in
solution. ITC data for the binding fit
a single-site binding model (Fig. 3).
The stoichiometry for the interac-
tion betweenGNBP3-Nter and lam-
inarin was close to a ratio of 1–3
(n � 2.51), consistent with a triple
helix organization of the laminarin
in solution (39). The binding affinity
isKA � 2.12� 106 
 0.4� 106 M�1.
The fitted data also yielded the
interaction with negative enthalpy
(�H� �3.34 kcal/mol) and entropy
(�S� 17.9cal/mole/degree). In con-
trast and consistent with the com-
petition assays, no interaction was
detected between GNBP3-Nter and
shorter sugars such as heptaose
(DP7) or hexaose (DP6) even with
repeated injections (2 �l) of highly
concentrated sugar (10 mM) in the
cell (data not shown). Taken
together, these data indicate that
GNBP3-Nter binds specifically to
linear �-1,3-glucans with high DP.
OverallStructureofGNBP3-Nter—

The structure of GNBP3-Nter was
solved at 1.45 Å of resolution by sin-
gle anomalous dispersion using a
samarium derivative. The crystals

contain two copies of the protein in the asymmetric unit. The
two molecules were refined independently, and there are no
significant differences (rootmean square deviation� 0.53Å for
all C�s). The protein is monomeric in solution up to a concen-
tration of 0.5 mM as analyzed by gel filtration and dynamic light
scattering, suggesting little functional significance for the crys-
tallographic dimer.
The final refined model consists of residues 26–128 that

were renumbered 1–102 (Fig. 4A). GNBP3-Nter is a globular
domain of approximate 40 � 25 � 20 Å3 dimension. The over-
all structure consists of two antiparallel � sheets and belongs to
the immunoglobulin fold family. The first sheet is made of
strands A (residues 7–10), B (residues 17–21), and E (residues
58–63), whereas the strands C� (residues 47–51), C (residues
26–35), F (residues 73–82), G1 (residues 85–88), and G2 (res-
idues 92–95) constitute the second sheet (Fig. 4B). The two

FIGURE 1. Binding of GNBP3-Nter to Candida. A–C, the recombinant protein was incubated with microorga-
nisms, spun down by centrifugation, and washed, and the pellet (A) or one-tenth of the supernatant (B) was
analyzed by Western blot using a specific antibody. A control of the pellets obtained after a similar treatment
with no added recombinant protein is shown in C. Importantly, the recombinant protein in the absence of
microorganisms did not precipitate during the procedure (�, ninth lane of A). One-tenth of the input protein is
shown in the boxes on the right (C. gla, C. glabrata; C. a., C. albicans; C. neo, Cryptococcus neoformans; M. l,
M. luteus). D–E, the V5-tagged recombinant protein was incubated with either paraformaldehyde (PFA)-fixed
(D) and alkali-treated C. albicans (E) and detected by immunofluorescence (Cy3) using a V5 antibody. Similar
results were obtained with C. glabrata-treated yeast. DIC, differential interference contrast; DAPI, 4�,
6-diamidino-2-phenylindole nuclear staining.
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sheets are packed in a �-sandwich conformation enclosing a
highly hydrophobic core organized around a cluster of three
phenylalanines (Phe-16, Phe-31, and Phe-61). The closest
structural homologue found using the DALI server (40) is a

fibronectin type III domain of integrin �6�4 (PDB code 1QG3)
(41) with a Z-score of 7.9. This molecule displays the same
�-sheet organization, i.e. A-B-E and C�-C-F-G1-G2. Despite a
very low level of sequence identity (9%), superimposition of the
fibronectin III domain with GNBP3-Nter shows that 66 resi-
dues of 102 are structurally conserved, giving a root mean
square deviation value of 1.54 Å. The main difference is the
presence in GNBP3-Nter of a large negatively charged loop
between strands C and C� that folds back onto the �-sheet
C�-C-F-G1-G2 (Fig. 4C). Interestingly, GNBP3-Nter also dis-
plays the same �-sheet organization as starch binding domains
(42).
Carbohydrate Binding Site—Based on their binding charac-

teristics, carbohydrate binding modules have been classified
into three types named A (“surface binding,” for insoluble
polysaccharides), B (“glycan chain binding,” which involves a
groove), and C (“small sugar binding”) (43). The functional
studies in this report show the preferential binding of GNBP3-
Nter to long chain soluble or insoluble �-glucans, thus classify-
ing GNBP3-Nter either as a type A or as a type B carbohydrate
binding module. Higher affinity toward curdlan/cell wall AI
fractions compared with soluble short chain sugars and the
absence of any groove containing aromatic residues on its

FIGURE 2. Binding of GNBP3-Nter to polysaccharides versus oligosaccha-
rides. A, direct ELISA assays showing the binding of GNPB3-Nter to the cell
wall AI fractions of S. cerevisiae (ScAI) and A. fumigatus (AfAI), AS fraction of
A. fumigatus (AfAS), and other commercially available fungal cell wall polysac-
charides. Note that GNBP3-Nter does not bind to chitin, pustulan, or the AS
fraction of A. fumigatus cell wall. Binding with schizophyllan (a highly
branched �-glucan) is �1/10 of curdlan, confirming the affinity of GNBP3-
Nter for linear �-(1,3)-glucan. Each bar represents mean 
 S.D. of six repeti-
tions. B, ELISA inhibition assays show that linear oligosaccharides of DP � 20
are the best inhibitor for binding of GNBP3-Nter to AI fractions of A. fumigatus
at 1– 400 �g/0.5 �g of GNBP3-Nter. Each bar represents the mean 
 S.D. of
four repetitions, black *, p � 0.001; gray *, p � 0.05. C, blot analysis of the
competition between S. cerevisiae AI fraction and laminarin or laminarite-
traose (DP4) for binding to GNBP3-Nter. GNBP3-Nter binds efficiently to the AI
fraction (Panel 1, Ctr) even in the presence of high concentration of laminar-
itetraose (Panel 1, DP4). However, laminarin (soluble oligomeric mixture of
DP � 20) competes with the AI fraction for GNBP3-Nter binding (Panel 2, Lam).

FIGURE 3. Interaction of GNBP3-Nter with laminarin in solution. The iso-
thermal titration calorimetry of GNBP3-Nter was performed by injecting 2 �l
of laminarin at 2 mM into 53 �M GNBP3-Nter at 340-s intervals. The upper panel
shows a representative thermogram, and the lower part shows the integrated
heats after fitting.
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molecular surface led us to consider that GNBP3-Nter may
belong to type A carbohydrate binding modules.
TypeA carbohydrate bindingmodules display flat or platform-

like binding sites made of three aromatic residues inmost cases
(43). The outer molecular surface of GNBP3-Nter does not dis-

play any obvious aromatic patch.
The three Trp and the eight Tyr res-
idues of GNBP3-Nter were, there-
fore, carefully examined (Fig. 5, A
and B). Trp-47 participates in the
previously described hydrophobic
core located between the two �
sheets. It makes van der Waals con-
tacts with Phe-61, Phe-16, and
Leu-35 and is partially buried by
Thr-46. Trp-59 stands in a hydro-
phobic pocket and contacts Leu-26
(CG2), Ile-51 (CG2), Ala-54 (CB),
Phe-29, and Phe-31. Thus, it is even
more buried than Trp-47. The
indole ring of Trp-77 is in stacking
interaction with the His-32 imidaz-
ole group that lies beneath it.
Trp-77 is only poorly accessible, as
it is masked from the surface by
Leu-42, which stands at the tip of
the C-C� loop. Five of the eight Tyr
residues are distributed into two
groups located at the two ends of the
molecule. On one side Tyr-12 and
Tyr-99 stand close to each other but
are not stacked. They are accessible,
with their OH groups pointing
toward the surface of the molecule.
On the opposite side, a stacking
interaction occurs between Tyr-1
and Tyr-82. A third tyrosine, Tyr-
87, positions its ring �90° from
those of Tyr-1 and Tyr-82, leading
to the formation of an imperfect
aromatic cage. Tyr-76 is completely
buried inside the molecule, whereas
the Tyr-75 residue is masked from
the surface by Glu-40 on the C-C�
loop. Finally, onlyTyr-79 is fully sol-
vent-exposed. This latter residue
stands on the strand F, which is cen-
tral to the �-sheet C�-C-F-G1-G2.
Interestingly, strandFpossesses two
other aromatic residues, Tyr-75 and
Trp-77, which are strictly conserved
among �-glucan recognition do-
mains. The spatial arrangement of
the three aromatic side chains of
Tyr-75, Trp-77, and Tyr-79 (Fig.
5C) is similar to the aromatic patch
constituted by three neighboring
residues described for starch bind-

ing domains, for example those of the starch recognition
domain of the pullulanase PulA from Thermotoga maritima
(44)(Fig. 5D). Nevertheless, the exposure of Tyr-75 and Trp-77
side chains to the surface ismasked by theC-C� loop.When this
C-C� loop is removed from GNBP3-Nter using a graphics dis-

FIGURE 4. Sequence and overall structure of GNBP3-Nter. A, sequence alignment of N-terminal domains of
�GRP (�-glucan recognition protein) from D. melanogaster (GNBP3-Nter), Manduca sexta (Msexta and Msexta2),
P. interpunctella (Pinterpunctella), B. mori, Galleria mellonella (Gmellonella), Tribolium castaneum (Tcastaneum),
and Tenebrio molitor (Tmolitor). The numbering is that of GNBP3-Nter of this study. Secondary structure ele-
ments (strands) are indicated below the sequences as arrows. Conserved residues are boxed, and strictly con-
served residues are shown in white with a red background. Interestingly, the level of sequence identity is three
times higher in the Nter domain (44%, 45/102) than in the C-terminal (Cter) domain (13%, 48/360). B, overall
structure of GNBP3-Nter in ribbon representation with the strands A-B-E (sheet 1), colored in fuchsia, and
C-C�-F-G1-G2 (sheet 2), colored in green, forming an immunoglobulin fold of fibronectin type III type. C, the
same view with a 90° rotation along horizontal axis showing the C-C� loop that folds back onto the �-sheet
C�-C-F-G1-G2.
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play system, Tyr-75 and Trp-77 become accessible to solvent
(Fig. 5C). Thus, we hypothesized that this loop acts as a mobile
lid domain that covers the putative binding site (Fig. 5E). To
verify our hypothesis, we mutated Trp-77 into Ala. Structural
integrity of W77A mutant was assessed by circular dichroism

spectroscopy. No structural differ-
ence between wild type and mutant
proteins was detected (supplemen-
tal Fig. 3B). W77A mutant was
expected to display a decreased
affinity for�-1,3-glucan. Indeed, the
binding to curdlan in a pulldown
assay was severely decreased with
the mutant protein (Fig. 5F). More-
over, in ITC experiments we failed
to detect any binding of either long
or short laminarioligosaccharides to
theW77Amutant (data not shown),
thus delineating a key role for
Trp-77 in �-1,3-glucan recognition.
The C-C� Loop of GNBP3-Nter—

An unusual feature of GNBP3-Nter
structure is the presence of a long
loopbetween strandsCandC�,which
is composed of 10 residues and
extends outwards from the compact
body. Insertions between strands C
and C� have already been described
for other members of the fibronectin
type III-fold family andwere assigned
to be protein-protein interaction
domains, as observed, for example,
for fibronectin type III �6�4 integrin
(41).TheC-C� loopofGNBP3-Nter is
quite well conserved in terms of
length and sequence among the N
terminus domains of GNBP/�GRPs
that have been shown to bind to
�-glucans (Fig. 4A).The strict conser-
vation of seven positions often gives
the following consensus motif
36NEEMXGXEXG45. GNBP3-Nter
carries four negatively charged amino
acids (Glu-37, Glu-38, Glu-40, and
Glu-43), which point outward from
the surface (Fig. 5E). Two of them,
Glu-37 and Glu-43, interact through
side chain-side chainhydrogenbonds
with the conserved Lys-34 residue.
TheNE2nitrogen ofTrp-77 interacts
with the carbonyl oxygen of Glu-43
on the C-C� loop. Finally, the side
chains of the strictly conserved
Met-39 and of Leu-42 contribute to
the formation of a hydrophobic envi-
ronment together with Tyr-75 and
Trp-77 on the internal face of the
C-C� loop. As all these residues have

been conserved throughout 350 million years of evolution (diver-
genceof theDiptera andLepidoptera lineagesoccurredduring the
early Carboniferous) (45), it is likely that these interactions have
been selected tomaintain the lid in a closedposition in theabsence
of glucan ligands. A mutant protein in which the occluding loop

FIGURE 5. Binding site and the C-C� loop of GNBP3-Nter. A, GNBP3-Nter is represented as a gray molecular
surface, and tyrosine and tryptophan residues are colored in yellow. B, the back side of the molecule (after a
180° rotation), devoid of aromatic residues. C, the same view as in A with the C-C� loop represented as a ribbon
(in red). D, the molecular surface of the starch recognition domain of the pullulanase PulA from T. maritima in
a similar orientation as in C and showing the aromatic residues (in yellow) involved in its binding site. E, the
three aromatic residues (spheres colored according to the atom type) constituting the putative glucan binding
site, covered by the C-C� loop (in red) with its hypothetical movement (represented by a blue arrow). The side
chains of the residues of the C-C� loop are shown as sticks with carbon colored in pink, nitrogen in blue, oxygen
in red, and sulfur in green. Discontinuous black lines represent the hydrogen bonds between Glu-37, Glu-43,
and Lys-34. The remainder of GNBP3-Nter is represented as ribbon. The molecule is rotated of about 90° along
horizontal axis as compared with C. F, SDS/PAGE analysis of the pulldown of GNBP3-Nter wild type (wt) and
W77A mutant with curdlan. The first lane represents the molecular weight ladder (upper band � 20 KDa, lower
band � 14 KDa). The next four lanes show one-tenth of the input, the unbound protein (10 �l of the superna-
tant), the unbound protein (90 �l of the supernatant after acetone precipitation), and the protein bound to
curdlan (sediment).
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was shortened and the conserved residues were mutated was
cloned and produced in Drosophila cells (supplemental Fig. 3A).
The structural integrity of the mutated protein was assessed by
circular dichroism (supplemental Fig. 3B). The binding of the
short-loopmutant to killed Candida yeasts was not detectable by
immunohistochemistry. ELISA assays showed that the binding to
the AI fraction of S. cerevisiae and curdlan was substantially
reduced and corresponded to 30 and 10% that of the wild type,
respectively (data not shown).

DISCUSSION

The discrimination between host and microbe-associated
molecules is crucial to the function of PRRs. Short oligosaccha-
ride chains may not constitute an ideal target for PRRs as they
might also be displayed by host cells and, thus, may not repre-
sent a bona fidemicrobial signature. Therefore, it is likely that
the host selected PRRs able to sense long glucan chains idiosyn-
cratic to most fungal cell walls. In this manuscript we report
that the glucan binding domain of GNBP3 binds preferentially
to long �-1,3-glucan chains and shall discuss how the distinc-
tion between short and long chains of glucans is made by vari-
ous PRRs.
The N-terminal domain of GNBP3 binds to the cell wall of

C. albicans and most likely to �-glucans as indicated by the
preferential binding to growing cell buds and bud scars, a
pattern evocative of that of Dectin-1 (46). Indeed, the recom-
binant protein binds to the cell wall alkali-insoluble polysac-
charide fraction of S. cerevisiae and A. fumigatus. The latter
induces a GNBP3-dependent activation of the Toll pathway
when injected into Drosophila (17). Our data indicate that the
relevant biochemicalmoiety of these fungal cell wall AI extracts
are�-1,3-glucan chains. These findings are confirmed by direct
binding of GNBP3-Nter to curdlan and laminarin as assayed by
ELISA, ITC, and pulldown experiments coupled to competition
assays. The longer the glucan chain, the more efficient is the
competition. Efficient binding toGNBP3-Nter is observedwith
polymeric chains that incorporatemore than 16 glucanunits. In
keepingwith this result, it has previously been shown that injec-
tion in Drosophila of the alkali-insoluble fraction of the A. fu-
migatus cell wall, which consists of long polysaccharides
including �-1,3-glucans, induces a strong activation of the Toll
pathway (17). At the same time, Gottar and colleagues in Stras-
bourg found that short laminarioligosaccharides with a DP
ranging from 2 to 7 failed to induce Toll pathway activation
when injected into flies.5 �-1,6-Branching in the linear chain of
�-1,3-glucans does not appear to be required for recognition
by GNBP3-Nter as we failed to observe strong binding with
schizophyllan, a highly �-1,6-branched �-1,3-glucan from
Schizophyllum commune (Fig. 2A). Interestingly, the glucan
binding properties of the mammalian fungal receptor Dec-
tin-1 have been reported to be fairly similar, with a minimum
degree of polymerization of 11 required for �-glucan binding
(47).
We have solved the GNBP3-Nter crystal structure that pro-

vides structural insight into the �-1,3-glucan recognition pro-
tein (�GRP) family. The overall structure displays an immuno-

globulin-like fold similar to that of the fibronectin III
superfamily. Although no solvent-exposed aromatic patch is
present on GNBP3-Nter (Fig. 5, A and B), Tyr-75, Trp-77, and
Tyr-79 are good candidates to constitute such a binding plat-
form (Fig. 5C) after a structural rearrangement of the loop
located between strands C and C�. In keeping with this hypoth-
esis, we found that the binding to curdlan was strongly
impaired, and the binding to laminarin was completely abol-
ished with the W77A mutant, thus underscoring the impor-
tance of this initially buried residue for glucan binding. The
essential role of the C-C� loop in terms of binding and discrim-
ination between short and long chains of �-glucan was con-
firmed by mutagenesis. To free access to the binding site, the
C-C� loop should fold back toward the C-terminal domain of
GNBP3 (Fig. 5, C and E). Tyr-79 may act as a primary determi-
nant that anchors �-glucan polymers. Then the negatively
charged patch formed by the four glutamic acids on the top of
the loopmay be expulsed by the vicinity of a large sugar surface,
unmasking the rest of the binding site (Tyr-75 and Trp-77).
After the lid opening, the side chain of Tyr-75 is free to re-ori-
entate toward Trp-77. Like this, the relative spacing between
the three residues would not stretch beyond a distance
required to accommodate a disaccharide and, thus, would be
very comparable with that of starch binding domains (Fig.
5D). The internal hydrophobic surface of the lid could hardly
be fully-exposed to solvent in the open conformation and
may probably interact with the ligand. This putative interac-
tion between the lid and the ligand may explain the results
obtained for the short-loop mutant. Namely, this mutant
does not appear to bind efficiently to long-chain oligosac-
charides, possibly because the two conserved hydrophobic
residues in the lid, which are missing in the mutant, no lon-
ger stabilize the interaction.
Both the sequence of the C-C� loop and that of the putative

binding site are conserved in �GRP family members that have
been reported to bind to �-glucans. Noticeably, these
sequences are not conserved in Drosophila melanogaster
GNBP1 (andGNBP1 of otherDrosophila species), a member of
the family required in the host defense against Gram-positive
bacteria (supplemental Fig. 2).We infer that the GNBP1N-ter-
minal domain will not bind significantly to �-1,3-glucans, even
though some studies have reported some binding of full-length
GNBP1 to curdlan (25). Thus, the sequences of the C-C� loop
and of the glucan binding site may be useful predictors of the
function of uncharacterized GNBP/�GRP family members.
Using this criterion, we predict that the function of the funding
member of the GNBP family, B. mori p50, is not involved in
defense against fungi, at least by a GNBP3/�GRP-like mecha-
nism. In any case, GNBP full-length proteins, with their glu-
canase-like domains, are likely to have emergent properties not
displayed by the Nter domain alone. These may include the
activation of downstream proteolytic cascades (for Toll path-
way and prophenol oxidase activation) and, obviously, aggluti-
nation, which requires two sugar binding domains in the
protein.
An intriguing feature of the GNBP3-Nter domain is its

capacity to discriminate between short and long chains of
�-glucans. Many PRRs activate an immune response only5 M. Gottar, personal communication.
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when bound to long chains of carbohydrates through the use
of spatially arranged multiple subunits or multimers. Yet, in
striking contrast to GNBP3, the individual domains involved
in carbohydrate recognition can bind to monomeric or short
carbohydrate polymers. For instance, PGRP-SA, which
binds to PGN muropeptide monomers as single molecules,
requires the formation of PGRP-SA clusters on longer chains
to trigger downstream proteolytic cascades (48). A similar
case is presented by Factor G of the Japanese horseshoe crab
where a laminariheptaose is required to activate the coagu-
lation cascade even though it binds well to laminaribiose
with an affinity that is only three times lower (49). Interest-
ingly, the recognition domain that binds to �-glucans is
actually made up of two carbohydrate binding subunits
arranged in a tandem repeat. Only the tandem repeat, and
not each individual subunit, is able to bind to the disaccha-
ride. Another example of the importance of the spatial
arrangements of multiple carbohydrate recognition domain
(CRD) is provided by the mannose-binding lectin whereby
each CRD head binds to a single sugar residue (mannose or
fucose). Activation only occurs when the multiple heads
arranged in a bouquet-like structure of trimers bind to an
array of sugar residues present on the microbial but not the
host cell surface (50). Here, we propose that the lid of the
GNBP3-Nter domain that masks the carbohydrate binding
site is displaced only by long chains of �-glucans. In this
respect, the structures of laminarins and curdlan as triple
helices in an aqueous environment may be an essential fea-
ture that triggers the opening of the carbohydrate binding
site and the recognition of the fibrillar fungal structure.
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